We have studied a mutant Moloney murine leukemia virus with a deletion in reverse transcriptase (RT) which is predicted to make its RNase H domain resemble structurally that of human immunodeficiency virus RT. This deletion was based on improved RNase H homology alignments made possible by the recently solved three-dimensional structure for Escherichia coli RNase H. This mutant Moloney murine leukemia virus RT was fully active in the oligo(dT)-poly(rA) DNA polymerase assay and retained nearly all of wild-type RT's RNase H activity in an in situ RNase H gel assay. However, proviruses reconstructed to include this deletion were noninfectious. Minus-strand strong-stop DNA was made by the deletion mutant, but the amount of minusstrand translocation was intermediate to the very low level measured with RNase H-null virions and the high level seen with wild-type RT. The average length of translocated minus-strand DNA was shorter for the deletion mutant than for wild type, suggesting that mutations in the RNase H domain of RT also affect DNA polymerase activity.
Retroviral replication requires virally encoded reverse transcriptase (RT) to synthesize a double-stranded DNA copy of the genomic RNA (1, 11, 46) . All retroviral RTs contain both a DNA polymerase activity, capable of synthesis on either RNA or DNA templates, and a nuclease activity, called RNase H, which specifically degrades RNA when the RNA is present in RNA:DNA hybrid form (27) . Both of these activities are believed to be required for the completion of the complex series of steps involved in the RT-catalyzed biosynthesis of a double-stranded DNA copy of the retroviral RNA genome (10) . RNase H has been implicated in several of these steps, and mutant viruses which lack RNase H activity are noninfectious (30, 34, 43, 47) . Minus-strand strong-stop DNA, the first DNA intermediate to appear during reverse transcription, is maintained in RNA:DNA hybrid form among the abortive products of reverse transcription by virions which lack RNase H (43) . This finding suggests that one of the first critical steps mediated by retroviral RNase H is the degradation of the RNA strand of this hybrid in order that minus-strand translocation and its subsequent elongation may occur.
Sequence comparisons reveal that RT is the most highly conserved protein among retroviruses, and sequence conservation exists between retroviral RT and proteins of other retroelements (9, 20, 25) . Even related enzymes from cellular sources such as Escherichia coli and yeast RNases H can be aligned with the carboxy termini of retroviral RTs (51) . However, the RTs of various retroviruses differ structurally in terms of subunit composition and organization. In the case of the Moloney murine leukemia virus (M-MuLV) enzyme, the DNA polymerase and RNase H activities reside in physically separable domains of a single monomeric protein (41) . The human immunodeficiency virus (HIV) enzyme is a heterodimer whose subunits contain identical amino-terminal DNA polymerase regions, but only one subunit includes * Corresponding author. the carboxy-terminal RNase H region (8, 14, 23, 39) . RT from the avian sarcoma-leukosis virus group, including Rous sarcoma virus RT, is also a heterodimer, but both subunits retain the DNA polymerase and RNase H domains and differ by the inclusion of the integrase region at the C terminus of one of the subunits.
The three-dimensional structure of E. coli RNase H was determined recently (21, 51) . On the basis of this structure, improved homology alignments, which seek to preserve the secondary structure features and putative catalytic core geometry of E. coli RNase H, have been made between the E. coli enzyme and the RNase H domains of retroviral RTs. The validity of the resulting predicted retroviral RNase H structures has been partially confirmed by the recent elucidation of the structure of an HIV RT-derived polypeptide containing the region of RNase H homology (6) . What emerges from these studies is a striking structural similarity among RNases H from evolutionarily distant sources. Although many RNases H differ in minor ways, such as in the number of residues between some of their secondary structure features, a more significant difference exists between HIV RNase H and the predicted structure for the M-MuLV RNase H domain. Tertiary structure predictions suggest that the RNase H domains of M-MuLV RT and E. coli RNase H are very similar structurally (51) . Whereas model structures for both of these enzymes include five 1B strands and five a helices, one of the a helices is missing from HIV RNase H. In the experiments presented here, we have studied a mutant M-MuLV, which we call AC, with an 11-amino-acid deletion in RT which is predicted to make its RNase H domain resemble structurally that of HIV RT. The residues that we removed, 593 (Ile) through 603 (Leu) from M-MuLV RT, are predicted to include the a helix in the M-MuLV enzyme which is not present in HIV RT.
We have previously reported the effects of elimination of RNase H activity in the murine system by studying a series of mutants of M-MuLV with linker-insertion mutations in the RT region of the pol gene (41, 43) . Unlike (12, 15, 26, 32, 37, 42) . The cell line used as a producer of virions containing wild-type RT was d15401, which harbors a mutation in IN (36) .
DNA manipulations. Subcloning into the E. coli RT expression vector (44) and into pNCA, which contains a cloned copy of the M-MuLV genome (3) , and construction of M13 derivatives involved routine techniques (33) . The E. coli expression vector contains the T7 phage Al promoter and the sequences encoding mature M-MuLV RT preceded by a methionine codon (5, 40, 44, 45) . Microsequencing of the purified wild-type RT produced by this vector revealed that the N-terminal methionine had been removed (data not shown). Thus, this expression system produces RT identical in sequence to that found in M-MuLV particles. ARH RT is a truncated form of M-MuLV RT; its construction will be described elsewhere (44) . It produces a DNA polymerase single-domain form of RT which is missing the carboxyterminal RNase H domain, and is similar to truncated forms of RT which have been described previously (16, 22, 41) . The AC deletion was constructed by oligonucleotide-mediated site-directed mutagenesis (52) . Annealing the oligonucleotide, 5'-CCTTCTGATGTGAGATGGGCAGTAGCAA-3', to a single-stranded M13 derivative containing much of the M-MuLV RT coding region and then following standard site-directed mutagenesis procedures resulted in the loss of the 33 nucleotides (nt) which encode the 11 amino acids from 593 (Ile) through 603 (Leu) of M-MuLV RT.
Preparation and assay of enzymes. RT overexpressed in E. coli was purified essentially as we have described previously (31) . All enzymes were purified from E. coli DH5cx, which is a derivative of DH1 (13) . All 7 ], 1 mM EDTA, 1 mM dithiothreitol, 0.1% Nonidet P-40, 10% glycerol), and desalted by chromatography through a Sephadex G-50 column which had been equilibrated with buffer M containing 75 mM NaCl. Fractions that contained RT activity were pooled, passed through DEAEcellulose, and then fractionated further by chromatography on phosphocellulose. The phosphocellulose column fractions containing the RT peak were pooled and concentrated in Centriprep 10 concentrators (Amicon) according to the manufacturer's instructions and dialyzed into storage buffer. This material was stored at -80°C for use in the experiments in this study. Estimations of purity, analyses of RT DNA polymerase activity using the oligo(dT)-poly(rA) assay, and unit definitions were as described previously (31) .
RNase H activity was assessed by using an in situ gel assay as described previously (41) . This assay involves electrophoresis of the proteins on sodium dodecyl sulfatepolyacrylamide gels cast with 32P-labeled RNA in RNA: DNA hybrid form, followed by incubation of the gels in several changes of a buffer, which allows the renaturation of the protein and digestion of the radiolabeled hybrid. The gels are then fixed, dried, and exposed to X-ray film. Levels of RNase H activity are estimated by comparing the extent of radioactive clearing, which results from digestion of the labeled RNA.
Endogenous RT reactions. Endogenous reactions using concentrated virus were carried out for 3 h at 40°C in the presence of 100 ,ug of actinomycin D per ml and 2 mM each dCTP, dATP, and dGTP and 1 mM [a-32P]dTTP at 1 Ci/mmol. These reactions were performed, and their products were processed and collected, as described previously (43) . Reaction products were incubated in 0.33 N NaOH for 20 min at 55°C before the final ethanol precipitation to remove RNA primers. Reaction products were analyzed on 7.5% polyacrylamide gels, and DNA fragments were recovered from wet gels as previously described (43) . Alkaline agarose electrophoresis was performed by standard methods (33) .
Translocation assays. Si assays for translocation made use of an unlabeled single-stranded M13 derivative containing the plus strand of a Sacl-Sacl fragment of pNCA, which includes 36 nt of U3 upstream of intact R and U5 regions of M-MuLV (3). This plus-strand DNA was hybridized to radiolabeled endogenous reaction products and digested with S1, and the labeled products were analyzed by using standard procedures for Si mapping (33) .
The restriction digest assay of translocation made use of a similar M13 derivative which contained the plus strand of a PstI-EcoRI fragment of pNCA. This fragment includes intact U3, R, and U5 regions of the M-MuLV long terminal repeat (LTR). Portions of radiolabeled endogenous reactions estimated to contain less than 10 fmol of replication products were annealed to 200 fmol of the plus-strand DNA in 10-,ul reaction mixtures containing 75 mM NaCl, 10 mM MgCl2, and 10 mM Tris-HCl (pH 7.5) by incubating the reaction mixtures for 40 min at 66°C and then slowly cooling the mixtures to 25°C over 1 h. A 100-pl volume of a buffer containing 50 mM NaCl, 10 mM Tris-HCl (pH 8.0), 10 mM MgCl2, and 5 mM 2-mercaptoethanol, and 30 U AvaI was added to each sample, and the reaction mixtures were incubated at 37°C for 3 h. The products were then phenol extracted, ethanol precipitated, and analyzed by electrophoresis on 7.5% polyacrylamide-8 M urea gels. The gels were a FIG. 1 . Schematic ribbon drawings of the structure of E. coli RNase H (a) and a structural prediction for the HIV RNase H domain (b). The position of the C helix in the E. coli structure is indicated with a bracket. For more details, see reference 51. dried and exposed to X-ray film with intensifying screens for 2 weeks at -80°C.
RESULTS
The C helix is not essential to basic RNase H function. Although the core structures of evolutionarily divergent RNases H are conserved, there are significant differences between the predicted structures of various retroviral RNases H. The third a helix present in the E. coli enzyme, known as the C helix (the first and second helices being designated A and B), is predicted to be present in the M-MuLV enzyme. However, it is missing from the HIV RNase H structure and also predicted to be absent from the dimeric RT of Rous sarcoma virus ( Fig. 1 [6, 51] ). This finding suggested that the C helix might be either dispensable for RNase H function or else responsible for some of the differences between such RNases H as those of M-MuLV and HIV. In the bacterial enzyme, the region of this deletion forms an a helix that is part of a flap of the enzyme which is not close to the catalytic site but which may contact the RNA:DNA hybrid when it is engaged at the active site (51) . The absence of this helix in the HIV enzyme results in the flattening of this region of the protein relative to the structure of the E. coli enzyme. It has been suggested that this flattening allows the HIV RNase H domain to interact with some portion of the two DNA polymerase domains of the intact heterodimcer and that this interaction both stabilizes the dimer and is essential for productive substrate binding by the RNase H domain (6) .
The M-MuLV RT mutant in this study is called AC because it has an 11-amino-acid deletion in the enzyme's RNase H domain which removed a region predicted to include the C helix. To create the AC mutant, we examined the published structure of E. coli RNase H and homology alignments made between it and retroviral RNase H regions and then chose to delete residues 593 (Ile) through 603 (Leu) of M-MuLV RT. The AC deletion was constructed by oligonucleotide-mediated site-directed mutagenesis and built into an E. coli expression plasmid encoding authentic M-MuLV RT (33, 44, 52) . Wild-type and AC M-MuLV RT and a truncated form of the enzyme called ARH, which is missing the entire RNase H domain, were purified to >90%
homogeneity from E. coli cells harboring RT expression plasmids by a variation of the method of Roth et al. (31) . The DNA polymerase activities of these enzymes were compared by measuring incorporation of TMP, using an oligo(dT)-poly(rA)primer-template. Wild-type, AC, and ARH RT were determined to display 44, 99, and 112 U of DNA polymerase activity per ,ug of protein, respectively. Thus, according to this assay, the DNA polymerase activity of these RT mutants is not reduced; rather, it is higher than that of the wild-type enzyme.
RNase H activities were compared in an in situ gel assay (41) . The amounts of degradation of RNA:DNA hybrid by 10, 20, and 40 U of DNA polymerase activity of each enzyme were compared (Fig. 2) . By this comparison, it appears that the AC enzyme retains all or nearly all of the RNase H activity of the wild-type enzyme. Thus, whereas the AC mutation results in the removal of the central 1/10 of the RNase H domain, the catalytic site has not been destroyed, and we have successfully constructed a largely functional RNase H allele of RT based on the crystal structure of the related enzyme, E. coli RNase H.
Note that we were unable to quantify our partially purified
. Both the wild type and all of the RNase H mutants formed minus-strand strong-stop DNA when replication products were examined by using detergent-permeabilized virions in the so-called endogenous reaction (Fig. 3) . However, the amounts of slower-migrating products of the endogenous reaction were significantly reduced for all of the RNase H mutants. Since these reactions were performed in the presence of actinomycin D, which prevents DNA-dependent DNA synthesis, these slower-migrating DNAs should be limnited to minus-strand products.
Since RNase H activity is believed to be involved in the translocation of minus-strand strong-stop DNA to the 3' end of the genomic RNA (necessary for the completion of minus-strand DNA synthesis), we developed two assays to assess the extent of translocation (Fig. 4) . One of these was an S1 protection assay which allowed determination of the extent of minus-strand translocation by comparing the ratio of minus-strand products whose synthesis ceased at the stage of minus strand strong stop to those which had been extended after translocation and thus included sequences from the U3 region. The second assay involved cleavage of the labeled endogenous reaction products hybridized to single-stranded plus-strand LTR DNA by a restriction enzyme which cuts in both the U5 and U3 regions. This analysis yielded products a and b for minus-strand strongstop DNA and products a and b' for translocated DNA, and the ratio b'/(b + b') gives the fraction of replication products that had translocated (Fig. 4) . H-null forms of RT could not be detected when the assays were performed on total reaction products. Thus, to assess whether any minus-strand translocation had occurred, we fractionated the endogenous reaction products of an RNase H-null allele. DNAs were eluted from gel slices containing populations of high-molecular-weight reaction products. The isolated DNAs called ii, iii, and iv are populations of molecules approximately 500 to 800, 800 to 1,200, and >1,200 nt long, respectively (Fig. 4D ). When these isolated DNAs were assayed, very low levels of translocation were detectable. We estimate that translocation by the null alleles is lower than for the wild type by 2 or 3 orders of magnitude; in contrast, translocation by AC is approximately 10-fold reduced.
The S1 protection assay of AC endogenous reaction products also revealed a prominent set of DNA products less than 40 nt in length which were protected by plus-strand LTR DNA (Fig. 4b) . The size and mapping properties of these products suggest that they are prematurely terminated tRNA-initiated minus-strand products. As is visible in Fig. 5 , there are prominent DNAs smaller than minus-strand strongstop DNA among the AC endogenous reaction products that may contribute to these protected products.
Translocated minus-strand products of AC are shorter than those of the wild type. The amount of longer minus-strand products in the AC reaction appeared less than expected for the measured amount of translocation, and the gel system Products of the restriction digest assay. Lanes 1 and 2 contain undigested endogenous reaction products from virions containing the RNase H mutant H7 or wild-type form of RT. Lanes 3 and 4 contain the products of the restriction digest assay performed on unfractionated endogenous reaction products. Lanes 5 to 8 contain the products of restriction digest assays performed on DNAs isolated from wet gels containing RNase H mutant H7 endogenous reaction products; the isolated DNA labeled i is purified minus-strand strong-stop DNA: DNAs ii, iii, and iv are populations of molecules which were eluted from gel slices of successively higher molecular weight endogenous reaction products. Lanes 5 to 8 contain approximately equivalent portions of endogenous reaction products; the amounts of endogenous reaction products assayed in lanes 5 to 8 are much greater than those in lanes 1 to 4 so that minor translocation products could be detected. The positions of migration of the restriction digest fragments and of intact minus-strand strong-stop DNA are indicated; the markers are the same as those in panel B. used in the assays described above was not capable of resolving the sizes of large reaction products. Thus, it seemed possible that AC virions generated translocated reaction products shorter than those produced in virions harboring wild-type RT. To compare the sizes of translocated minus-strand products, aliquots containing similar levels of radioactivity from AC and wild-type endogenous reactions were analyzed by denaturing agarose gel electrophoresis (Fig. 5) . Whereas a significant level of DNA migrating in the vicinity of the predicted size for fully extended minus-strand products was observed in reactions containing wild-type RT, translocated AC products averaged less than one-third this length.
Comparison of the products of mutants AC and H7 (Fig. 3 (41) . However, when the AC mutation was rebuilt into an RNase H single-domain expression vector, no RNase H activity was observed in in situ gel assays, which should detect activity as low as 1% of the wild-type level (2) . Since AC was designed to resemble HIV RNase H, this provides an interesting parallel to the difficulties that our laboratory and other laboratories have encountered in attempts to produce an active single-domain HIV RNase H (6, (16) (17) (18) 29) .
